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Abstract
Large azimuthal quadrupole and octupole asymmetries have recently been found in p+Pb colli-
sions at the LHC. We argue that these might arise from a projectile dipole scattering off fluctuations
in the target with a size on the order of the dipole. In a holographic scenario, parity even angular
moments v2n are generated by the real part of the light-like Wilson loop due to the contribution
from the background metric to the Nambu-Goto action. On the other hand, parity odd moments
v2n+1 must arise from the imaginary part of the light-like Wilson loop, which is naturally induced
by a fluctuating Neveu-Schwarz 2-form.
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I. INTRODUCTION
Recent measurements of the azimuthal momentum distributions of particles produced
in high-multiplicity p + Pb collisions at the LHC have revealed large asymmetries vn =
〈cosnφ〉 [1]. Remarkably, the octupole asymmetry is of the same order of magnitude as the
quadrupole. In this paper, we argue that these asymmetries in the final state could reflect a
snapshot of the fluctuations in the Pb target taken in the instant of the collision. Rotational
symmetry is spontaneously broken (locally) by a fluctuation in the target of arbitrary shape.
Such random fluctuations generically lead to large local azimuthal anisotropies in coordinate-
space [2, 3].
In this paper we propose an alternative to (almost) dissipationless hydrodynamic expan-
sion in pA collisions [4, 5] for the conversion of coordinate-space fluctuations into asymme-
tries in momentum space. Here, non-zero vn’s emerge due to the orientation of a projectile
“dipole” relative to the global orientation of the event determined by a fluctuation in the
target. We show that parity even moments v2n are generated by the real part of the dipole
forward scattering amplitude while parity odd moments v2n+1 arise from its imaginary part.
While this argument for the generation of even and odd vn’s is quite general, the actual
calculation of these moments directly from QCD is quite challenging. In fact, calculations of
v2 in proton-nucleus collisions have been carried out within the “Color Glass Condensate”
approach, see [6] for a recent review, though at present it is not clear if a large v3 emerges
as well.
In this aspect, the holographic correspondence [7] may provide an interesting alterna-
tive where calculations can be done in a non-perturbative manner in strongly-coupled non-
Abelian gauge theories using a (higher dimensional) effective theory in the semi-classical
approximation which includes gravity (among other fields). In the holographic approach,
the real and imaginary parts of the dipole forward scattering amplitude in a proton-nucleus
collision can be extracted by studying a classical string described by the Nambu-Goto action
(which corresponds to the probe dipole) coupled to the underlying nontrivial background
fields (such as the metric, the dilaton, the Neveu-Schwarz 2-form and etc) that give support
to a single holographic shockwave solution, used here to model the traveling nucleus. We
outline such calculation below and show how parity even angular moments v2n are generated
by the real part of the light-like Wilson loop due to the contribution from the background
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metric to the Nambu-Goto action while parity odd moments v2n+1 arise from the imaginary
part of the light-like Wilson loop, which is naturally induced by a fluctuating Neveu-Schwarz
2-form.
Our treatment is distinct from that of Ref. [8] where a proton-nucleus collision is modeled
as an asymmetric collision of holographic shockwaves [9], or from R-current deep inelastic
scattering [10]. In our approach the gauge-gravity correspondence is used only to evaluate
the “target field averages” such as the light-like Wilson loop, analogous to the computation
of the jet quenching parameter qˆ in ref. [11]. We do not use it to describe the actual collision;
thus, no black hole is formed and the projectile quark is not stopped (a non-stopping solution
in a holographic framework has indeed been found for thin enough projectile and target in
[12]). The form of the scattering amplitude of a projectile quark with large light-cone
momentum is taken from QCD.
This paper is organized as follows. In the next section we briefly review how the quark-
nucleus elastic scattering is described within the hybrid formalism and give the general
argument which shows how nonzero vn’s may be generated by a projectile dipole scattering
off fluctuations in the target nucleus with a size on the order of the dipole. In Section III
perform the holographic calculation of the vn’s. Our conclusions and outlook can be found
in Section IV.
II. QUARK-NUCLEUS ELASTIC SCATTERING IN THE HYBRID FORMAL-
ISM
In the so-called hybrid formalism the proton projectile is treated as a beam of collinear
partons with a large light-cone momentum p− which probe the field of the target. At large
Feynman-xF the contribution from quarks dominates while particles with xF ≪ 1 are mainly
gluons. We describe here mainly the case of quark scattering but it is straightforward to
obtain the contribution from gluons by considering the scattering amplitude in the adjoint
representation. The main difference, however, is that the forward scattering amplitude for
an adjoint dipole is real and thus can only generate parity even moments v2n.
Our approach is based on the intuitive picture that a high-energy projectile parton couples
weakly to the target field. However, over some intermediate range of semi-hard transverse
momenta the target is modeled as a holographic shockwave before it turns into a beam
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of non-interacting asymptotically free partons at very high transverse momentum p⊥ (far
exceeding its saturation scale Qs computed below). Whether or not the proposed picture has
a viable theoretical justification remains to be seen; it is not clear if the limit of eikonal, recoil
less propagation of a high-energy projectile parton is well defined in the present context [13].
We shall follow [11] and assume the validity of this eikonal description in this paper.
If we assume that to leading order in p⊥/p
− projectile partons propagate on eikonal
trajectories then the amplitude corresponding to elastic scattering from momentum p to q
is [14]
〈out, q|in, p〉 ≡ u¯(q)τ(q, p)u(p) (1)
τ(q, p) = 2πδ(p− − q−) γ−
∫
d2~x [V (~x)− 1] ei(~p−~q)·~x . (2)
Here,
V (~x) = P exp
[
ig
∫
dx−A+(x−, ~x)
]
(3)
is a Wilson line along the light cone. Upon squaring the amplitude [15] the scattering cross
section can be written as [16]
dσqA
d2~b d2~q
=
1
(2π)2
∫
d2~x e−i~q·~x
(〈
1
Nc
tr
(
W (~x,~b)− V (~b− ~x/2)− V †(~b+ ~x/2)
)〉
+ 1
)
. (4)
Here, ~b denotes the impact parameter of the collision and W (~x,~b) is a light-like Wilson loop
of width given by |~x|. In covariant gauge W (~x,~b) = V †(~b + ~x/2) V (~b − ~x/2) and this is
commonly referred to as the dipole unintegrated gluon distribution [17]. The size of the
dipole corresponds to the shift of the transverse coordinate of the eikonal quark line from
the amplitude to the complex conjugate amplitude, respectively.
Thus, the quark-nucleus cross section is written as a Fourier transform of the dipole
S-matrix,
dσqA
d2~b d2~q
=
1
(2π)2
∫
d2~x e−i~q·~x S(~x) =
1
(2π)2
∫
d2~x e−i~q·~x (D(~x) + iO(~x)) . (5)
Here, D(~x) = Re S(~x) and O(~x) = Im S(~x) denote the real and imaginary parts of the
S-matrix, respectively. Since the left hand side of this equation is manifestly real, we must
have that D(~x) = D(−~x) is even under exchange of the quark and anti-quark lines, while
O(~x) = −O(−~x) is odd. It follows that D(~x) is responsible for generating non-zero v2n =
〈cosnφ〉 which are even under φ→ φ+ π (resp. ~x→ −~x). On the other hand, v2n+1 is odd
under φ→ φ+ π and hence can only arise from O(~x).
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Eq. (4) can be turned into a physical pA → h + X single inclusive cross section for
production of a hadron of type h via a convolution with a proton-parton distribution and a
corresponding q → h fragmentation function [18–20]. Here we will only need Eq. (4). Below,
we employ the holographic correspondence [7] to compute the light-like Wilson loopW (~x,~b)
in the field of a shockwave in strongly-coupled N = 4 Supersymmetric Yang-Mills (SYM)
theory with a large number of colors, Nc. The essential point is to consider scattering of a
dipole whose angular orientation couples to fluctuations in the target.
III. LIGHT-LIKE WILSON LOOP IN A HOLOGRAPHIC SHOCKWAVE BACK-
GROUND
The nucleus is traveling along the x+ axis with a light-cone momentum p+. We are
interested in holographic shockwave solutions of the form
〈Tˆ−−(x−, ~x)〉 = N
2
c
2π2
p+ δ(x−)µ2 f(~x) (6)
where f(~x) describes the energy density distribution of the target in the transverse plane,
and µ2 ∼ A1/3 [22, 23] is the transverse density scale of the shockwave. This non-uniform
shockwave at the boundary can be obtained from a source J(~x)δ(z − 1/µ) in the bulk
convoluted with the Green’s function found in [24],
f(~x) =
∫
d2~x ′
J(~x ′)
(1 + µ2|~x− ~x ′|2)3 . (7)
The metric is a solution of the 5 dimensional Einstein’s equations with a negative cosmo-
logical constant ∼ 1/L2 with a source [24, 25]. It has the form
ds2 =
L2
z2
(
p+δ(x−)µ2F(z, ~x)z4 dx−2 − 2dx+dx− + d~x2 + dz2) , (8)
where limz→0F(z, ~x) = f(~x). We note that ref. [26] found a family of regular shockwave
solutions which, in the homogeneous limit, have vanishing 〈Tˆ−−(x−, ~x)〉. In fact, those bulk
solutions do not approach ∼ z4 near the boundary and are, thus, qualitatively distinct from
the type of solutions found in refs. [9, 24]. In this paper, we consider that the nucleus is,
on average, essentially uniform in the transverse plane over scales probed by the dipole and,
thus, we shall restrict to solutions of the form (8).
One can now compute the light-like Wilson loop in this background [28]. The rectangular
loop C is defined on the x− axis with transverse size ~d and it is the boundary for a minimal
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surface in the bulk [29, 30]. When the radius of AdS5 is much larger than the string length
ℓs, i.e., L
2/α′ ≫ 1, where α′ = ℓ2s, this is obtained by minimizing the Nambu-Goto action
SNG =
1
2πα′
∫
Ω
d2σ
√
−det hab (9)
where Ω denotes the worldsheet, hab = gMN∂aX
M∂bX
N is the worldsheet metric, andXM(σ)
is the embedding function that describes the string worldsheet in the bulk. In principle, the
effective action for the string should also include the coupling to other background fields
such as the dilaton and the Neveu-Schwarz (NS) 2-form [31] from the NS-NS sector but
these are taken to be either vanishing or pure gauge (more on that below).
Our calculation for the light-like Wilson loop closely follows the one performed in [11]
to obtain the jet quenching parameter qˆ coefficient in the strongly coupled N = 4 SYM
plasma. However, for our shockwave the gauge theory is not at finite temperature and,
thus, the background geometry does not have a horizon. The light-like Wilson loop is given
in terms of the on-shell action as 〈trW (C)〉/Nc = eiSon−shell NG .
The string worldsheet coordinates are τ = x− and σ and the worldsheet embedding
function is XM = (x−,~b+ σ~d, 0, d u(σ)) with σ ∈ (−1/2, 1/2). The endpoints of the string
are located at the boundary at ~b− ~d/2 and ~b+ ~d/2. With the metric (8) the Nambu-Goto
action becomes
iSNG = −
√
λ
2π
A1/6µ d
∫ 1/2
−1/2
dσ
√
F
(
d u(σ),~b+ σ~d
)√
1 + u′(σ)2 . (10)
The explicit factor of A1/6 arises from the integration over the longitudinal coordinate x− [22,
23, 32].
Due to the properties of the function F , the integrand of the action is finite at the bound-
ary, u → 0, as opposed to the case of a time-like rectangular Wilson loop in vacuum [29]
where it diverges as ∼ 1/u2. Therefore, any configuration where u′(σ) 6= 0 will necessarily
increase the worldsheet area. Hence, the minimal surface must be the one in which the
string remains at the boundary for all σ, i.e., the string does not fall into the bulk. In
fact, u(σ) = 0 is clearly a solution of the equations of motion that satisfies the boundary
conditions, which is consistent with the fact that a light-like string configuration costs zero
energy in AdS5 [33].
Therefore, the on-shell action is obtained by setting u′(σ) = 0 and u(σ) = 0 which leads
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to
iSon−shellNG = −
√
λ
2π
A1/6µ d
∫ 1/2
0
dσ
(√
f
(
~b+ σ~d
)
+
√
f
(
~b− σ~d
))
. (11)
Note the ~d→ −~d symmetry and the fact that iSNG is real. In what follows we assume that
the nucleus is much larger than the dipole and that its density over large distance scales is
homogeneous. Thus, we can set ~b = 0. Furthermore, in the absence of fluctuations we have
f = 1 and so the forward dipole scattering amplitude becomes
W (d) = e−
√
λ
2pi
A1/6µ d . (12)
The “saturation scale” where W ∼ e−1 therefore is
Qs =
√
λ
2π
A1/6µ . (13)
Qs obtained by averaging the Wilson loop in a shockwave background increases very rapidly
with the thickness of the nucleus, Qs ∼ A1/3 [22].
The transverse momentum distribution of scattered quarks is
dσqA
d2~b d2~q⊥
=
Qs
(Q2s + p
2
⊥)
3/2
. (14)
We should stress that this result is not supposed to apply at very large p⊥ where from per-
turbative QCD dσqA/d
2p⊥ ∼ α2s/p4⊥ [34]. However, in the non-linear regime at intermediate
pT one does indeed expect a “flatter” transverse momentum distribution similar to (14).
A. Fluctuations in the holographic shockwave and even moments v2n
We introduce fluctuations of the density of the shockwave in terms of their Fourier spec-
trum,
f
(
~b+ σ~d
)
= 1 + δf(~b+ σ~d) (15)
δf(~x) =
∫
d2k
(2π)2
δf(~k) ei
~k·~x . (16)
δf describes “classical” fluctuations in the target which contribute ∼ N2c to the energy-
momentum tensor, c.f. eq. (6). For simplicity here we assume that
δf(~k) =
1
2
(2π)2A(1/|~k0|)
[
δ(~k − ~k0) + δ(~k + ~k0) + i(δ(~k − ~k0)− δ(~k + ~k0))
]
, (17)
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i.e., that the fluctuation is dominated by a single wave number and direction though one
could also average over some suitable distribution. A(1/|~k0|) is the amplitude of the fluctu-
ation at the scale k0; we shall denote the typical length scale 1/|~k0| of fluctuations as ℓ, and
the azimuthal orientation of the dipole as φ so that ~d · ~k0 = d/ℓ cosφ. Note that in order to
obtain vn one only averages over this relative angle φ while the global orientation is fixed;
alternatively, the moments could be defined from two-particle cumulants [35]
v2n =
〈
ein(φ1−φ2)
〉
, (18)
where φ1 and φ2 are the azimuthal angles of any two particles from the same event.
Expanding the square root in (11) for small amplitude fluctuations we find
iSon−shell = −Qs d
[
1 +A(ℓ)sin
(
d
2ℓ
cos φ
)
d
ℓ
cos φ
]
. (19)
The fluctuations generate asymmetries for the multipole moments of the p⊥ distribution,
dσqA
d2~b p⊥dp⊥dφp
=
1
(2π)2
∫
x⊥dx⊥dφ e
−ip⊥x⊥ cos(φ−φp) eiSon−shell NG . (20)
where we denoted the transverse size of the dipole as ~x⊥. Parametrically, nonzero moments
of this distribution will be of order ∼ Qs ℓA(ℓ). However, the action (19) is even under
φ→ φ+ π and, thus, it can only generate even moments of the angular distribution.
B. Fluctuations of the NS 2-form and odd moments v2n+1’s
Odd moments of the angular distribution can be generated in this approach from the imag-
inary part of the dipole-nucleus S-matrix 〈V †(~x)V (~y)〉 which includes C-even “pomeron”
and C-odd “odderon” exchanges. Projecting on odd-even in-out states, the latter corre-
sponds to the imaginary part ℑmS(~x, ~y) = 〈O(~x, ~y)〉 where the odderon operator is given
by [21]
O(~x, ~y) =
1
2i Nc
tr
(
V †(~x)V (~y)− V †(~y)V (~x)) . (21)
The odderon has been identified with the fluctuations of the anti-symmetric Neveu-Schwarz-
Neveu-Schwarz (NS-NS) 2-formBMN in the bulk [36, 37]. In the dual holographic description
used here, the contribution to the effective action of the string that is odd under the ~d→ −~d
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operation should arise from the coupling of the NS 2-form field to the string in the Nambu-
Goto action
SNS−NS =
1
4πα′
∫
Ω
d2σ BMN ǫab ∂aX
M∂bX
N (22)
where ǫab is the Levi-Civita symbol on the worldsheet [38]. For a single shockwave we con-
sider a pure gauge NS-field BMN which does not alter the equations of motion of supergravity
[31] so that the solutions for the background metric and for the string remain valid. [After
a collision of two shockwaves this is no longer the case, just as the metric is no longer of the
form (8).]
Contributions such as (22) should indeed lead to parity odd moments of the angular
distribution (20). Choosing a gauge where B−M = 0, this term in the action becomes (using
the worldsheet embedding defined earlier)
SNS−NS =
1
2πα′
∫ ∞
−∞
dx−
∫ 1/2
0
dσ ~d ·
[
~B−~x⊥(x
−,~b+ ~dσ, 0) + ~B−~x⊥(x
−,~b− ~dσ, 0)
]
. (23)
This action is purely real. Thus, it contributes a phase to the total amplitude exp{iSNG +
iSNS−NS} which is odd under ~d → −~d. Therefore, in this more general scenario, odd
moments for the angular distribution such as v3 should be nonzero and, again, of order ℓQs.
Specifically, terms such as
i
1/2∫
−1/2
dσ ~d · ~∇ f(σ~d) = −2iA(ℓ) sin
(
d
2ℓ
cosφ
)
, (24)
can arise. Indeed, this is parity (φ→ φ+ π) odd and generates odd vn’s up to n ∼ d/ℓ.
IV. CONCLUSIONS
In summary, we have argued that azimuthal asymmetries vn in p+A collisions may arise
from scattering of a dipole on random fluctuations in the target; the fluctuations are assumed
to be “classical” so that δT−− ∼ N2c .
The real (imaginary) part of the dipole-nucleus S-matrix is even (odd) under exchange
of the quark and anti-quark lines corresponding to charge conjugation of the Wilson loop,
and gives rise to parity even (odd) angular moments vn. This is a simple and quite general
mechanism that allows for the generation of nonzero Fourier moments of hadron yields in
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proton-nucleus collisions. Whether or not this is indeed the main effect behind the nonzero
vn’s (in particular, of v3) in these collisions still remains to be verified.
We have used the holographic correspondence to determine the properties of light-like
Wilson loops in a shockwave background in strongly-coupled N = 4 SYM. We use this as
a toy model for the actual calculation of vn’s in QCD. In the holographic description the
contribution from the metric to the Nambu-Goto action produces parity even distributions
while the coupling of a fluctuating NS-NS 2-form field with the classical string can generate
odd moments. More detailed numerical calculations of vn(p⊥) could potentially provide
information on the spectrum of fluctuations, such as if there is a dominant length scale and
amplitude (as assumed here, for simplicity).
It would be interesting to generalize the calculation performed here to take into account
other effects such as the presence of a confining scale in shockwave solutions [39]. This
requires different shockwave solutions such that the string connecting the sources does sag
into the bulk. We leave this to a future study.
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